Time Processing and Motor Control in Movement Disorders by Laura Avanzino et al.
MINI REVIEW
published: 12 December 2016
doi: 10.3389/fnhum.2016.00631
Frontiers in Human Neuroscience | www.frontiersin.org 1 December 2016 | Volume 10 | Article 631
Edited by:
Marcelo Merello,
Fundación Para la Lucha contra las
Enfermedades Neurológicas de la
Infancia (FLENI), Argentina
Reviewed by:
Kristina Aurousseau,
LaNeP3, CRIUGM, Canada
Marta Bien´kiewicz,
Aix Marseille Université, Centre
National de la Recherche Scientifique,
ISM, France
*Correspondence:
Giovanni Abbruzzese
giabbr@unige.it
Received: 27 July 2016
Accepted: 25 November 2016
Published: 12 December 2016
Citation:
Avanzino L, Pelosin E, Vicario CM,
Lagravinese G, Abbruzzese G and
Martino D (2016) Time Processing and
Motor Control in Movement Disorders.
Front. Hum. Neurosci. 10:631.
doi: 10.3389/fnhum.2016.00631
Time Processing and Motor Control
in Movement Disorders
Laura Avanzino 1, Elisa Pelosin 2, Carmelo M. Vicario 3, 4, Giovanna Lagravinese 1,
Giovanni Abbruzzese 2* and Davide Martino 5, 6
1Department of Experimental Medicine, Section of Human Physiology and Centro Polifunzionale di Scienze Motorie,
University of Genoa, Genoa, Italy, 2Department of Neuroscience, Rehabilitation, Ophthalmology, Genetics and Maternal Child
Health, University of Genoa, Genoa, Italy, 3 School of Psychology, University of Tasmania, Hobart, TAS, Australia, 4Wolfson
Centre for Clinical and Cognitive Neuroscience, School of Psychology, Bangor University, Bangor, UK, 5 International
Parkinson’s Centre of Excellence, King’s College and King’s College Hospital, Denmark Hill Campus, London, UK, 6Queen
Elizabeth Hospital, Woolwich, Lewisham, and Greenwich NHS Trust, London, UK
The subjective representation of “time” is critical for cognitive tasks but also for
several motor activities. The neural network supporting motor timing comprises: lateral
cerebellum, basal ganglia, sensorimotor and prefrontal cortical areas. Basal ganglia and
associated cortical areas act as a hypothetical “internal clock” that beats the rhythm
when the movement is internally generated. When timing information is processed to
make predictions on the outcome of a subjective or externally perceived motor act,
cerebellar processing and outflow pathways appear to be primarily involved. Clinical and
experimental evidence on time processing and motor control points to a dysfunction
of the neural networks involving basal ganglia and cerebellum in movement disorders.
In some cases, temporal processing deficits could directly contribute to core motor
features of the movement disorder, as in the case of bradykinesia in Parkinson’s disease.
For other movement disorders, the relationship between abnormal time processing
and motor performance is less obvious and requires further investigation, as in the
reduced accuracy in predicting the temporal outcome of a motor act in dystonia.
We aim to review the literature on time processing and motor control in Parkinson’s
disease, dystonia, Huntington’s disease, and Tourette syndrome, integrating the available
findings with current pathophysiological models; we will highlight the areas in which
future explorations are warranted, as well as the aspects of time processing in motor
control that present translational aspects in future rehabilitation strategies. The subjective
representation of “time” is critical for cognitive tasks but also for motor activities. Recently,
greater attention has been devoted to improve our understanding of how temporal
information becomes integrated within the mechanisms of motor control. Experimental
evidence recognizes time processing in motor control as a complex neural function
supported by diffuse cerebral networks including cortical areas, cerebellum, and other
subcortical structures (Ivry and Spencer, 2004; Coull and Nobre, 2008). Timing is an
essential component of motor control primarily within two types of motor tasks: (i)
when producing sequential rhythmic movements or sustained movements of a definite
duration (explicit timing); (ii) when the temporal information is used implicitly, such as
when coordinating our movements to those of moving objects or individuals within the
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external environment (implicit timing). In this review, we will provide a brief description
of the neural network supporting motor timing focusing only on instrumental information
to explain the link between timing and motor control in movement disorders. Then we
will review available data on motor timing in Parkinson’s disease, dystonia, Huntington’s
disease, and Tourette syndrome, and discuss how this body of evidence integrates with
the available information on the pathophysiology of these movement disorders. Finally,
we will discuss the translational aspects of the explored neural mechanisms with respect
to future rehabilitation strategies.
Keywords: timing and time perception, movement disorders, neural pathways, motor control, rehabilitation
THE NEURAL NETWORK OF MOTOR
TIMING
Explicit Timing
When performing explicit timing tasks, we make an explicit
use of temporal information (e.g., estimates of the duration of
different stimuli or of their inter-stimulus intervals [ISI]) in order
to represent precise temporal durations through a sustained or
periodic motor act (Coull and Nobre, 2008). Functional magnetic
resonance imaging (fMRI) (Bengtsson et al., 2004, 2005; Lewis
et al., 2004; Jahanshahi et al., 2006; Bueti et al., 2008) and non-
invasive brain stimulation (Koch et al., 2003; Dusek et al., 2011;
Vicario et al., 2013) studies of motor timing have consistently
identified brain regions crucial to time processing, in particular
supplementarymotor area (SMA), basal ganglia (BG), cerebellum
and right-inferior frontal and parietal cortices.
The synchronization-continuation paradigm has been
frequently used to study the neural substrates of explicit motor
timing. This paradigm allows for the study of both externally
triggered and internally triggered movements as it involves: (i)
a synchronization phase, in which subjects are asked to tap in
synchrony with a train of tones separated by a constant ISI,
and (ii) a continuation phase, in which subjects are requested
to continue tapping at the previous rate in the absence of the
auditory cue. Using fMRI paradigms, Rao et al. (1997) showed
that the continuation (internally triggered) phase, but not the
synchronization (externally triggered) phase, activates the SMA,
the left-caudal putamen, and the left ventrolateral thalamus.
These findings support the existence of a hypothetical “internal
clock” that beats the rhythm when the movement is internally
generated (Pastor et al., 1992b; Meck and Benson, 2002;
François-Brosseau et al., 2009), and involves the sensorimotor
circuit of the BG (Figure 1). Indeed, it has been proposed
that several parallel, segregated loops through the BG connect
back to distinct cortical areas (namely motor, associative, and
limbic network) (Alexander et al., 1986). The sensorimotor loop
connects the motor areas in the cortex with the caudolateral
striatum territories playing a role in stimulus-response habitual
control (Redgrave et al., 2010).
The role of the BG in timing was further substantiated
by demonstrating that they are activated during motor, but
also perceptual, time processing tasks (Bueti et al., 2008)
involving both sub-second and supra-second temporal intervals
(Jahanshahi et al., 2006). Noteworthy, the associative basal
ganglia circuit is particularly active during externally triggered
tasks (Figure 1).
The cerebellum, instead, is more often activated (i) during
motor than perceptual explicit timing tasks (Bengtsson et al.,
2005; Jahanshahi et al., 2006; Bueti et al., 2008), (ii) when a
synchronization to an external rhythm is required (Del Olmo
et al., 2007), and (iii) when processing involves sub-second rather
than supra-second intervals (Lewis and Miall, 2003a,b).
Implicit Timing
Timing is implicit when temporal information can optimize
performance on a non-temporal task. The processing of time-
dependent features of a movement is crucial in predicting
whether the outcome of the movement will be consistent with its
ultimate goal, or will result in an execution error. When temporal
information is processed to predict the outcome of self-executed
or externally-driven movements, cerebellar outflow pathways
are primarily involved. Indeed, cerebellar networks optimize
self-executed actions by recalibrating predictions, capturing the
sensory consequences of the same actions (Bell et al., 2008;
Synofzik et al., 2008; Izawa et al., 2012). When subjects use
temporal information inherent to the spatial-temporal trajectory
of a dynamic visual stimulus to predict its final position, fMRI
studies revealed activation in the left inferior parietal cortex
(Assmus et al., 2005), sensorimotor regions of the premotor
and parietal cortices (Field and Wann, 2005), and cerebellum
(O’Reilly et al., 2008). We recently showed that the cerebellum
is engaged when temporal information is processed to predict
the temporal outcome of a motor act (Avanzino et al., 2015a).
We developed an ad hoc task in which participants were
required to observe a movement in a video and then predict
the end of the same movement (Avanzino et al., 2013, 2015a;
Martino et al., 2015). Crucially, a few seconds after its onset,
the video was darkened for a given time interval, thus the
task could be performed only by extrapolating time-related
features of observed motion sequence. By this task, we have
shown that inhibiting the activity of the lateral cerebellum with
1 Hz-repetitive transcranial magnetic stimulation induced a
deterioration of timing performance selectively when subjects
were asked to estimate the duration of a body segment movement
(handwriting) and not of a movement involving an inanimate
object (Avanzino et al., 2015a). This finding may suggest that
cerebellar sub-regions are specifically involved in processing
Frontiers in Human Neuroscience | www.frontiersin.org 2 December 2016 | Volume 10 | Article 631
Avanzino et al. Motor Timing and Movement Disorders
FIGURE 1 | Schematic frame of the neural networks supporting timing during a motor task. Neural networks involved in explicit and implicit timing and their
possible contribution to time processing abnormalities in Movement Disorders are shown. GPe, Globus Pallidus external; GPi, Globus Pallidus internal; STN,
SubThalamic Nucleus; SMA, Supplementary Motor Area; M1, Primary Motor Cortex; PPC, Posterior Parietal Cortex.
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temporal features of movements belonging to the human motor
repertoire.
EVIDENCE ON MOTOR TIMING
ABNORMALITIES IN MOVEMENT
DISORDERS (BOX 1)
Parkinson’s Disease
The notion that the mechanisms underlying time processing are
abnormal in PD has been suggested by some pivotal observations.
Pastor et al. (1992a,b) reported that the accuracy in timing of
repetitive alternating wrist movements, time estimation and time
reproduction on a verbal task were impaired in PD patients “off”
medication, indicating timing mechanisms abnormalities in PD
already at a perceptual level and possibly related to dysfunction
of an “internal clock” that is modulated by dopamine.
Afterwards, impaired time reproduction was confirmed
during paced finger tapping in PD (O’Boyle et al., 1996; Elsinger
et al., 2003) and assessed in “on” and “off” conditions (Jones et al.,
2008). Using the synchronization-continuation task to investigate
both de novo and treated PD subjects, Jones et al. (2011) showed
that treated PD patients tapped ahead of the beat at the 250
ms rate, respect to de novo and healthy subjects without any
difference between “off” and “on” conditions. This observation,
resembling the clinical phenomenon of festination that typically
occurs in PD for fast repetitive movements, suggested an
influence of either chronic pharmacological treatment or disease
progression. Altogether, the continuation phase highlighted
major differences likely reflecting the difficulties of PD subjects
with internally generated movements.
More recently, using a modified version of the
synchronization-continuation paradigm with a motor imagery
task, we showed that PD patients exhibited a selective deficit
in motor timing for internally triggered sequential movements
separated by a supra-second interval, and that this deficit was
better explained by a defect of motor planning (Avanzino et al.,
2013). Bienkiewicz and Craig (2015) showed that abnormalities
in sensorimotor synchronization in PD are not limited to
finger tapping task but rather extend in the context of a beat
interception task based on aiming movements. The type of task
required prospective motor control (i.e., coupling movement to
neural based dynamic information that helps anticipate when
the beat is going to sound) suggesting that BG circuitry might
undermine also the temporal prediction ability.
Overall, the motor timing abnormalities observed in PD
indicate that the BG are mainly involved in explicit timing
mechanisms (see also Martinu et al., 2012). Accordingly, a
BOX 1 | Brief description of the selected scientific papers on time processing and motor control in Parkinson’s disease, dystonia, Huntington’s
disease, and Tourette syndrome.
Condition Explicit motor timing Explicit perceptual timing Implicit motor timing Implicit perceptual timing
(Paced and self-paced finger
tapping [PFT and S-PFT]; repetitive
wrist movements; time
reproduction tasks)
(Time production/estimation
and time discrimination
tasks)
(Temporal expectation tasks;
in musician’s dystonia: time
analysis of performed musical
scales or finger tapping
performance on keyboard)
(Temporal expectation tasks)
Parkinson’s
disease
• Reduced accuracy for both
sub-second and supra-second
intervals
• Inconsistent changes in performance
variability (increased on PFT tasks,
decreased with time reproduction)
• Inconsistent effects of dopaminergic
medication on performance
• Reduced accuracy for
suprasecond intervals
(evidence of improvement
with dopaminergic
medication, which needs to
be replicated)
• No obvious changes • Not explored
Huntington’s
disease
• Reduced accuracy and increased
performance variability observed
more consistently for supra-second
intervals, with changes observed in
symptomatic and pre-symptomatic
subjects (in the latter, performance
changes increase as estimated years
to onset decrease)
• Reduced accuracy for
suprasecond intervals
• Not explored • Not explored
Dystonia • No obvious changes on PFT tasks • No obvious changes • In musician’s dystonia, reduced
accuracy of the affected hand
• Variable finger tapping
performance on keyboard,
depending on finger affected
• In writer’s cramp and cervical
dystonia, reduced accuracy
on temporal prediction of
hand motion, but not of
inanimate object motion
Tourette
syndrome
• Reduced accuracy on time
reproduction tasks for supra-second
intervals, with performance variability
influenced by dopamine D2 receptor
blockers
• No obvious changes • Not explored • Not explored
Frontiers in Human Neuroscience | www.frontiersin.org 4 December 2016 | Volume 10 | Article 631
Avanzino et al. Motor Timing and Movement Disorders
recent study showed that the implicit timing of salient events
seems largely unaffected by PD (de Hemptinne et al., 2013). It
is worthwhile to underline that the tight interaction between
difficulties with cognitive timing and spatio-temporal control of
movement emerges not only from experimental findings, but
also from the clinical aspects of PD. Bradykinesia (slowness
of movement initiation and execution) is particularly evident
for internally generated sequential movements (McIntosh et al.,
1997; Heremans et al., 2012), commonly occurs in gait and
can manifest as slow shuﬄing strides, an accelerating gait, or
highly variable and random stride times (Baltadjieva et al., 2006;
Almeida et al., 2007).
Related to the neural network supporting motor timing
abnormalities in PD, evidence demonstrated decreased
activation within the sensorimotor cortex, cerebellum, and
medial premotor system in PD patients compared to controls
during paced finger tapping (Elsinger et al., 2003). Dopamine
supplementation did not improve task performance, but partially
“normalized” brain activation patterns. In a PET study PD
patients presented a significantly enhanced activation of the
cerebellum, thalamus and substantia nigra reticulata during a
synchronization-continuation task, compared to healthy subjects
(Jahanshahi et al., 2010). Moreover, pallidal over-activation and
cortical regions under-activation were observed in PD subjects in
the “off” state, but switching to the “on” state was associated with
increased striato-frontal functional connectivity. This study and
others (Husárová et al., 2013, 2014) supported the idea thatmotor
timing networks are modulated by dopaminergic stimulation
and that PD patients activate an alternative timing network
relying more on cerebellar activation than healthy controls.
Summarizing the behavioral and imaging evidence on the
influence of dopaminergic medication on motor timing, so far
results are mixed and therefore conclusions are unclear. The role
of the BG oscillatory activity in motor timing has been evidenced
in a group of 12 PD patients implanted for subthalamic nucleus
deep brain stimulation (STN-DBS) (Wojtecki et al., 2011).
Supra-second time reproduction performance was significantly
improved during “on” stimulation (130-Hz) compared to no
stimulation, whereas milliseconds timing was not affected.
Huntington’s Disease
Huntington’s disease (HD) is a hereditary neurodegenerative
disorder, caused by an expansion of CAG triplet repeats in the
Huntingtin gene on chromosome 4. The monogenic etiology of
HD allowed investigating timing in both symptomatic and pre-
symptomatic individuals. Explicit timing abilities progressively
deteriorate in mutation carriers as they approach clinical
disease onset. Early-moderate HD patients exhibited marked
irregularity of tapping rates on the synchronization-continuation
paradigm (Freeman et al., 1996). In pre-symptomatic HD
mutation carriers, reproduction of supra-second intervals
accuracy decreases with estimated time to onset, Hinton et al.
(2007) and Rowe et al. (2010). A self-paced variant of the same
tapping task was also used to investigate the relationship between
timing performance and disease progression. Performance on
self-paced finger tapping was associated with disease progression
(Michell et al., 2008; Tabrizi et al., 2009; Bechtel et al., 2010),
showing high sensitivity in separating mutation carriers from
non-carriers already from the earliest stages (Tabrizi et al., 2009;
Bechtel et al., 2010). A similar pattern of timing deterioration was
observed on non-rhythmic motor reproduction of supra-second
intervals, which became less precise as disease onset approached
and progressed further as disease advanced (Beste et al., 2007;
Wild-Wall et al., 2008; Rao et al., 2014).
Functional magnetic resonance imaging (fMRI) confirmed
that performance on paced finger tapping was associated with
reduced neural activation in subcortical regions (putamen,
caudate, thalamus) in pre-symptomatic HD mutation carriers
closer to disease onset (Zimbelman et al., 2007). This subgroup of
pre-symptomatic patients under-activated the SMA, left-anterior
insula and right-inferior frontal gyrus during the finger tapping
task. Conversely, those far from onset exhibited more efficient
compensatory activation of other brain areas (sensorimotor
cortex, medial frontal cortex and cerebellum) (Zimbelman et al.,
2007).
Overall, the progressive involvement of cortico-basal ganglia
sensorimotor and associative loops in HD patients is reflected
by a similarly progressive timing deficit that is more selective
for explicit, cognitive-controlled timing tasks rather than implicit
timing tasks.
Dystonia
Dystonia is a network movement disorder associated with
maladaptive plasticity of motor output coupled to disordered
sensorimotor integration. Dysfunction in both cortico-basal
ganglia and cerebello-thalamo-cortical networks is believed to
give rise to the involuntary tonic and phasic muscle contractions
that characterize dystonia. Timing has been assessed mainly in
task-specific forms of dystonia, triggered by complex movements
like musical playing or writing. Kinematic analyses of scales or
finger tapping performed on a digital piano by pianists with
dystonia showed inaccuracies in tone and interval duration
and rhythmic inconsistency (Jabush et al., 2004; Furuya and
Altenmüller, 2013). This may represent a mere consequence
of the motor overflow during musical performance, since part
of these measures improved with botulinum toxin therapy
(Jabush et al., 2004; Furuya et al., 2014). Further, explicit
timing performance in these patients appeared similar to control
subjects (Van Der Steen et al., 2014), suggesting that direct
extrapolation of temporal properties while performing timed
movements may be preserved in dystonia. On the other hand,
we showed that patients with either task-specific (writer’s cramp)
(Avanzino et al., 2013) or non-task-specific (cervical) dystonia
(Martino et al., 2015) are less accurate in predicting the temporal
outcome of a visually perceived movement, and that this is
observed for human body, but not inanimate object, motion.
This supports the view that patients with dystonia manifest
subtle differences in extrapolating temporal properties during the
perception of hand/arm movements. Such deficit may be linked
to an abnormal internal model of motor commands reflecting
dysfunction of cerebellar outflow pathways. The selective implicit
timing task abnormalities support the notion that dystonia is a
broader network disorder, in which the crucial nodes are located
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not only in the BG and the sensorimotor cortex, but also in the
cerebellum.
Tourette’s Syndrome
Tourette’s syndrome (TS) is associated with the abnormal
maturation of cortico-basal ganglia loops. Timing abilities are
underexplored in TS. In an early report, discrimination between
different time intervals in untreated patients was comparable to
healthy subjects (Goldstone and Lhamon, 1976). More recently
Goudriaan et al. (2006) reported that time estimation and
reproduction of time intervals spanning from 2 to 20 s did not
differ between TS and healthy adults. However, these authors
measured time intervals using a manual stopwatch, which is
poorly accurate. A study by Vicario et al. (2010) has documented
higher accuracy in the processing of supra-second intervals in
TS children with lower tic severity, compared to age-matched
healthy volunteers (Vicario et al., 2010). This result was explained
by suggesting the existence of an effective compensatory
modulation phenomenon, in correspondence of the prefrontal
cortex, leading to better tic inhibition and increased precision in
explicit processing of supra-second time intervals. Dopaminergic
modulation seems also relevant to temporal discrimination in
TS patients, as dopamine receptor blockers like pimozide may
improve patients’ variability on this task (Vicario et al., 2016).
Overall, TS has been investigated mainly for perceptual
aspects of timing, revealing greater accuracy of temporal
discrimination of supra-second intervals associated with lower tic
severity. As already suggested for other behavioral abnormalities
in TS (Mueller et al., 2006; Jackson et al., 2007), this behavioral
gain appears to be more linked to adaptive mechanisms
facilitating tic suppression rather than to core pathogenic
mechanisms.
TRANSLATIONAL ASPECTS IN
REHABILITATION STRATEGIES
Knowledge on abnormalities in time processing for motor
control has been already applied to plan rehabilitative strategies
in movement disorders. For PD, rehabilitation approaches to
compensate defective internal rhythm generation by the BG have
been designed. Rhythm-related interventions (such as external
sensory cueing or music) have been extensively used in motor
rehabilitation. Most studies showed that gait impairment in
PD could be significantly improved by rhythmic (auditory)
stimulation (Lim et al., 2005, 2010) ormusically cued gait training
(Benoit et al., 2014). Rhythmic external cueing was also found to
improve upper limbmovements of PD patients (Vercruysse et al.,
2012), and even assist motor learning (Nieuwboer et al., 2009).
However, synchronization with a fixed-tempo may be critical in
PD subjects (Bienkiewicz and Craig, 2015; Young et al., 2016)
and the effect may be very limited in time since learning may
be specific to cued rather than non-cued performance. Thus,
novel strategies have been recently proposed involving interactive
systems providing adaptive rhythmic stimulations (Hove and
Keller, 2015) video (Pelosin et al., 2013) or mirror visual feedback
training (Bonassi et al., 2016).
The motor timing abnormalities observed in hyperkinetic
disorders might have a role in disease monitoring (HD),
development of novel rehabilitative strategies (dystonia), or
monitoring of existing interventions (tic disorders). Self-paced
finger tapping and time reproduction of supra-second intervals
have proved to be sensitive sub-clinical markers of disease
progression in HD, and their application to experimental trials
of disease-modifying treatments is potentially very rewarding.
Several experimental approaches aimed to promote the
re-organization of sensory-motor regions to improve motor
control and symptoms of dystonia (Avanzino et al., 2015b).
Available information in dystonia shows reduced accuracy in
extrapolating temporal properties during the perception of
body movements. Sensory-motor integration is central to new
physiological models of motor control, whereby motor outflow
generated by the primary motor cortex is associated with the
generation of efferent copies that allow anticipating the sensory
consequences of the motor program (Perruchoud et al., 2014).
This anticipatory ability could be crucial to motor performance,
and could be influenced also by perceptual experiences of internal
and external movements. Within this theoretical framework,
temporal expectations tasks applied to external or internal
movements might be exploited as rehabilitative strategies
to improve the ability to anticipate “on-line” the sensory
consequences of motor output in dystonia.
Finally, cognitive control over tics is an important component
of behavioral treatment strategies (Piacentini et al., 2010; Van
de Griendt et al., 2013). Predictors of response to behavioral
treatments for tics are still uncertain, and performance on tasks
assessing cognitive control of motor actions may represent a
useful predictive marker. Interestingly, preliminary studies of
time processing in TS suggest a possible link between cognitively
controlled tasks and timing, indicating that time processing tasks
might be considered in future studies on cognitive predictors of
response to behavioral treatment (Jung et al., 2013; Vicario et al.,
2013).
AUTHOR CONTRIBUTIONS
LA, GA, and DM contributed to literature search, writing of
preliminary draft, text revision, and finalization. EP, CV, and GL
contributed to literature search, writing of preliminary draft.
REFERENCES
Alexander, G. E., DeLong, M. R., and Strick, P. L. (1986). Parallel organization
of functionally segregated circuits linking basal ganglia and cortex. Annu. Rev.
Neurosci. 9, 357–381. doi: 10.1146/annurev.neuro.9.1.357
Almeida, Q. J., Frank, J. S., Roy, E. A., Patla, A. E., and Jog, M. S. (2007).
Dopaminergic modulation of timing control and variability in the gait of
Parkinson’s disease.Mov. Disord. 22, 1735–1742. doi: 10.1002/mds.21603
Assmus, A., Marshall, J. C., Noth, J., Zilles, K., and Fink, G. R. (2005).
Difficulty of perceptual spatiotemporal integration modulates the neural
Frontiers in Human Neuroscience | www.frontiersin.org 6 December 2016 | Volume 10 | Article 631
Avanzino et al. Motor Timing and Movement Disorders
activity of left inferior parietal cortex. Neuroscience 132, 923–927.
doi: 10.1016/j.neuroscience.2005.01.047
Avanzino, L., Bove, M., Pelosin, E., Ogliastro, C., Lagravinese, G., and Martino, D.
(2015a). The cerebellum predicts the temporal consequences of observedmotor
acts. PLoS ONE 10:e0116607. doi: 10.1371/journal.pone.0116607
Avanzino, L., Martino, D., Martino, I., Pelosin, E., Vicario, C. M., Bove, M., et al.
(2013). Temporal expectation in focal hand dystonia. Brain 136, 444–454.
doi: 10.1093/brain/aws328
Avanzino, L., Tinazzi, M., Ionta, S., and Fiorio, M. (2015b). Sensory-
motor integration in focal dystonia. Neuropsychologia 79, 288–300.
doi: 10.1016/j.neuropsychologia.2015.07.008
Baltadjieva, R., Giladi, N., Gruendlinger, L., Peretz, C., and Hausdorff, J.
M. (2006). Marked alterations in the gait timing and rhythmicity of
patients with de novo Parkinson’s disease. Eur. J. Neurosci. 24, 1815–1820.
doi: 10.1111/j.1460-9568.2006.05033.x
Bechtel, N., Scahill, R. I., Rosas, H. D., Acharya, T., Van Den Bogaard, S.
J., Jauffret, C., et al. (2010). Tapping linked to function and structure in
premanifest and symptomatic Huntington disease. Neurology 75, 2150–2160.
doi: 10.1212/WNL.0b013e3182020123
Bell, C. C., Han, V., and Sawtell, N. B. (2008). Cerebellum-Like structures and
their implications for cerebellar function. Annu. Rev. Neurosci. 31, 1–24.
doi: 10.1146/annurev.neuro.30.051606.094225
Bengtsson, S. L., Ehrsson, H. H., Forssberg, H., and Ullén, F. (2004).
Dissociating brain regions controlling the temporal and ordinal structure
of learned movement sequences. Eur. J. Neurosci. 19, 2591–2602.
doi: 10.1111/j.0953-816X.2004.03269.x
Bengtsson, S. L., Ehrsson, H. H., Forssberg, H., and Ullén, F. (2005). Effector-
independent voluntary timing: behavioural and neuroimaging evidence. Eur.
J. Neurosci. 22, 3255–3265. doi: 10.1111/j.1460-9568.2005.04517.x
Benoit, C.-E., Dalla Bella, S., Farrugia, N., Obrig, H., Mainka, S., and
Kotz, S. A. (2014). Musically cued gait-training improves both perceptual
and motor timing in Parkinson’s disease. Front. Hum. Neurosci. 8:494.
doi: 10.3389/fnhum.2014.00494
Beste, C., Saft, C., Andrich, J., Müller, T., Gold, R., and Falkenstein,M. (2007). Time
processing in Huntington’s disease: a group-control study. PLoS ONE 2:e1263.
doi: 10.1371/journal.pone.0001263
Bienkiewicz, M. M. N., and Craig, C. M. (2015). Parkinson’s is time on your side?
Evidence for difficulties with sensorimotor synchronization. Front. Neurol.
6:249. doi: 10.3389/fneur.2015.00249
Bonassi, G., Pelosin, E., Ogliastro, C., Cerulli, C., Abbruzzese, G., and Avanzino, L.
(2016). Mirror visual feedback to improve bradykinesia in Parkinson’s disease.
Neural Plast. 2016:8764238. doi: 10.1155/2016/8764238
Bueti, D., Walsh, V., Frith, C., and Rees, G. (2008). Different brain circuits underlie
motor and perceptual representations of temporal intervals. J. Cogn. Neurosci.
20, 204–214. doi: 10.1162/jocn.2008.20017
Coull, J., and Nobre, A. (2008). Dissociating explicit timing from
temporal expectation with fMRI. Curr. Opin. Neurobiol. 18, 137–144.
doi: 10.1016/j.conb.2008.07.011
de Hemptinne, C., Ivanoiu, A., Lefèvre, P., and Missal, M. (2013). How
does Parkinson’s disease and aging affect temporal expectation and
the implicit timing of eye movements? Neuropsychologia 51, 340–348.
doi: 10.1016/j.neuropsychologia.2012.10.001
Del Olmo, M. F., Cheeran, B., Koch, G., and Rothwell, J. C. (2007). Role of the
cerebellum in externally paced rhythmic finger movements. J. Neurophysiol. 98,
145–152. doi: 10.1152/jn.01088.2006
Dusek, P., Jech, R., Havrankova, P., Vymazal, J., and Wackermann, J. (2011).
Theta-burst transcranial magnetic stimulation over the supplementary motor
area decreases variability of temporal estimates. Neuroendocrinol. Lett. 32,
481–486.
Elsinger, C. L., Rao, S. M., Zimbelman, J. L., Reynolds, N. C., Blindauer, K. A.,
and Hoffmann, R. G. (2003). Neural basis for impaired time reproduction in
Parkinson’s disease: an fMRI study. J. Int. Neuropsychol. Soc. 9, 1088–1098.
doi: 10.1017/S1355617703970123
Field, D. T., and Wann, J. P. (2005). Perceiving time to collision activates the
sensorimotor cortex. Curr. Biol. 15, 453–458. doi: 10.1016/j.cub.2004.12.081
François-Brosseau, F. E., Martinu, K., Strafella, A. P., Petrides, M., Simard, F., and
Monchi, O. (2009). Basal ganglia and frontal involvement in self-generated
and externally-triggered finger movements in the dominant and non-
dominant hand. Eur. J. Neurosci. 29, 1277–1286. doi: 10.1111/j.1460-9568.2009.
06671
Freeman, J. S., Cody, F. W., O’Boyle, D. J., Craufurd, D., Neary, D., and
Snowden, J. S. (1996). Abnormalities of motor timing in Huntington’s
Disease. Park. Relat. Disord. 2, 81–93. doi: 10.1016/1353-8020(96)
00009-0
Furuya, S., and Altenmüller, E. (2013). Finger-specific loss of independent control
of movements in musicians with focal dystonia. Neuroscience 247, 152–163.
doi: 10.1016/j.neuroscience.2013.05.025
Furuya, S., Nitsche, M. A., Paulus, W., and Altenmüller, E. (2014). Surmounting
retraining limits in Musicians’ dystonia by transcranial stimulation. Ann.
Neurol. 75, 700–707. doi: 10.1002/ana.24151
Goldstone, S., and Lhamon, W. T. (1976). The effects of haloperidol upon
temporal information processing by patients with Tourette’s syndrome.
Psychopharmacology (Berl.). 50, 7–10.
Goudriaan, A. E., Oosterlaan, J., de Beurs, E., and Van Den Brink, W. (2006).
Neurocognitive functions in pathological gambling: a comparison with alcohol
dependence, Tourette syndrome and normal controls. Addiction 101, 534–547.
doi: 10.1111/j.1360-0443.2006.01380.x
Heremans, E., Nieuwboer, A., Feys, P., Vercruysse, S., Vandenberghe, W.,
Sharma, N., et al. (2012). External cueing improves motor imagery quality
in patients with Parkinson Disease. Neurorehabil. Neural Repair 26, 27–35.
doi: 10.1177/1545968311411055
Hinton, S. C., Paulsen, J. S., Hoffmann, R. G., Reynolds, N. C., Zimbelman,
J. L., and Rao, S. M. (2007). Motor timing variability increases
in preclinical Huntington’s disease patients as estimated onset of
motor symptoms approaches. J. Int. Neuropsychol. Soc. 13, 539–543.
doi: 10.1017/S1355617707070671
Hove, M. J., and Keller, P. E. (2015). Impaired movement timing in neurological
disorders: rehabilitation and treatment strategies. Ann. N. Y. Acad. Sci. 1337,
111–117. doi: 10.1111/nyas.12615
Husárová, I., Lungu, O. V., Marecˇek, R., Mikl, M., Gescheidt, T., Krupa, P.,
et al. (2014). Functional imaging of the cerebellum and basal ganglia during
predictive motor timing in early Parkinson’s disease. J. Neuroimaging. 24,
45–53. doi: 10.1111/j.1552-6569.2011.00663.x
Husárová, I., Mikl, M., Lungu, O. V., Marecˇek, R., Vanicek, J., and Bareš, M. (2013).
Similar circuits but different connectivity patterns between the cerebellum,
basal ganglia, and supplementary motor area in early Parkinson’s disease
patients and controls during predictive motor timing. J. Neuroimaging 23,
452–462. doi: 10.1111/jon.12030
Ivry, R. B., and Spencer, R. M. C. (2004). The neural representation of time. Curr.
Opin. Neurobiol. 14, 225–232. doi: 10.1016/j.conb.2004.03.013
Izawa, J., Criscimagna-Hemminger, S. E., and Shadmehr, R. (2012). Cerebellar
contributions to reach adaptation and learning sensory consequences of action.
J. Neurosci. 32, 4230–4239. doi: 10.1523/JNEUROSCI.6353-11.2012
Jabush, H.-C., Schneider, U., and Altenmüller, E. (2004). 19-
Tetrahydrocannabinol improves motor control in a patient with musician’s
dystonia.Mov. Disord. 19, 990–991. doi: 10.1002/mds.20214
Jackson, G. M., Mueller, S. C., Hambleton, K., and Hollis, C. P. (2007). Enhanced
cognitive control in Tourette Syndrome during task uncertainty. Exp. Brain Res.
182, 357–364. doi: 10.1007/s00221-007-0999-8
Jahanshahi, M., Jones, C. R. G., Dirnberger, G., and Frith, C. D. (2006). The
substantia nigra pars compacta and temporal processing. J. Neurosci. 26,
12266–12273. doi: 10.1523/JNEUROSCI.2540-06.2006
Jahanshahi, M., Jones, C. R. G., Zijlmans, J., Katzenschlager, R., Lee, L.,
Quinn, N., et al. (2010). Dopaminergic modulation of striato-frontal
connectivity during motor timing in Parkinson’s disease. Brain 133, 727–745.
doi: 10.1093/brain/awq012
Jones, C., Claassen, D., Yu, M., Spies, J. R., Malone, T., Dirnberger, G., et al.
(2011). Modeling accuracy and variability of motor timing in treated and
untreated Parkinson’s disease and healthy controls. Front. Integr. Neurosci. 5:81.
doi: 10.3389/fnint.2011.00081
Jones, C. R. G., Malone, T. J. L., Dirnberger, G., Edwards, M., and Jahanshahi,
M. (2008). Basal ganglia, dopamine and temporal processing: performance on
three timing tasks on and off medication in Parkinson’s disease. Brain Cogn. 68,
30–41. doi: 10.1016/j.bandc.2008.02.121
Frontiers in Human Neuroscience | www.frontiersin.org 7 December 2016 | Volume 10 | Article 631
Avanzino et al. Motor Timing and Movement Disorders
Jung, J., Jackson, S. R., Parkinson, A., and Jackson, G. M. (2013). Cognitive
control over motor output in Tourette syndrome. Neurosci. Biobehav. Rev. 37,
1016–1025. doi: 10.1016/j.neubiorev.2012.08.009
Koch, G., Oliveri, M., Torriero, S., and Caltagirone, C. (2003). Underestimation
of time perception after repetitive transcranial magnetic stimulation.Neurology
60, 1844–1846. doi: 10.1212/WNL.60.11.1844
Lewis, P. A., and Miall, R. C. (2003a). Brain activation patterns during
measurement of sub- and supra-second intervals. Neuropsychologia 41,
1583–1592. doi: 10.1016/S0028-3932(03)00118-0
Lewis, P. A., and Miall, R. C. (2003b). Distinct systems for automatic and
cognitively controlled time measurement: Evidence from neuroimaging. Curr.
Opin. Neurobiol. 13, 250–255. doi: 10.1016/S0959-4388(03)00036-9
Lewis, P. A., Wing, A. M., Pope, P. A., Praamstra, P., and Miall, R. C.
(2004). Brain activity correlates differentially with increasing temporal
complexity of rhythms during initialisation, synchronisation, and
continuation phases of paced finger tapping. Neuropsychologia 42, 1301–1312.
doi: 10.1016/j.neuropsychologia.2004.03.001
Lim, I., van Wegen, E., de Goede, C., Deutekom, M., Nieuwboer, A., Willems,
A., et al. (2005). Effects of external rhythmical cueing on gait inpatients
with Parkinson’s disease: a systematicreview. Clin. Rehabil. 19, 695–713.
doi: 10.1191/0269215505cr906oa
Lim, I., van Wegen, E., Jones, D., Rochester, L., Nieuwboer, A., Willems,
A. M., et al. (2010). Does cueing training improve physical activity in
patients with Parkinson’s disease? Neurorehabil. Neural Repair 24, 469–477.
doi: 10.1177/1545968309356294
Martino, D., Lagravinese, G., Pelosin, E., Chaudhuri, R. K., Vicario, C. M.,
Abbruzzese, G., et al. (2015). Temporal processing of perceived bodymovement
in cervical dystonia.Mov. Disord. 30, 1005–1007. doi: 10.1002/mds.26225
Martinu, K., Degroot, C., Madjar, C., Strafella, A. P., and Monchi, O.
(2012). Levodopa influences striatal activity but does not affect cortical
hyper-activity in Parkinson’s disease. Eur. J. Neurosci. 35, 572–583.
doi: 10.1111/j.1460-9568.2011.07979
McIntosh, G. C., Brown, S. H., Rice, R. R., and Thaut, M. H. (1997). Rhythmic
auditory-motor facilitation of gait patterns in patients with Parkinson’s disease.
J. Neurol. Neurosurg. Psychiatr. 62, 22–26. doi: 10.1136/jnnp.62.1.22
Meck, W. H., and Benson, A. M. (2002). Dissecting the brain’s internal clock:
how frontal–striatal circuitry keeps time and shifts attention. Brain Cogn. 48,
195–211. doi: 10.1006/brcg.2001.1313
Michell, A. W., Goodman, A. O. G., Silva, A. H. D., Lazic, S. E., Morton, A. J., and
Barker, R. A. (2008). Hand tapping: A simple, reproducible, objective marker
of motor dysfunction in Huntington’s disease. J. Neurol. 255, 1145–1152.
doi: 10.1007/s00415-008-0859-x
Mueller, S. C., Jackson, G. M., Dhalla, R., Datsopoulos, S., and Hollis, C. P. (2006).
Enhanced cognitive control in young people with Tourette’s syndrome. Curr.
Biol. 16, 570–573. doi: 10.1016/j.cub.2006.01.064
Nieuwboer, A., Rochester, L., Müncks, L., and Swinnen, S. P. (2009). Motor
learning in Parkinson’s disease: limitations and potential for rehabilitation.
Park. Relat. Disord. 15, S53–S58. doi: 10.1016/S1353-8020(09)70781-3
O’Boyle, D. J., Freeman, J. S., and Cody, F.W. J. (1996). The accuracy and precision
of timing of self-paced, repetitive movements in subjects with Parkinson’s
disease. Brain 119, 51–70. doi: 10.1093/brain/119.1.51
O’Reilly, J. X., Mesulam, M. M., and Nobre, A. C. (2008). The cerebellum
predicts the timing of perceptual events. J. Neurosci. 28, 2252–2260.
doi: 10.1523/JNEUROSCI.2742-07.2008
Pastor, M. A., Jahanshahi, M., Artieda, J., and Obeso, J. A. (1992a). Performance
of repetitive wrist movements in Parkinson’s disease. Brain 115, 875–891.
doi: 10.1093/brain/115.3.875
Pastor, M. A., Artieda, J., Jahanshahi, M., andObeso, J. A. (1992b). Time estimation
and reproduction is abnormal in Parkinson’s disease. Brain 115(Pt 1), 211–225.
doi: 10.1093/brain/115.1.211
Pelosin, E., Bove, M., Ruggeri, P., Avanzino, L., and Abbruzzese, G. (2013).
Reduction of bradykinesia of finger movements by a single session of action
observation in Parkinson disease. Neurorehabil. Neural Repair 27, 552–560.
doi: 10.1177/1545968312471905
Perruchoud, D., Murray, M. M., Lefebvre, J., and Ionta, S. (2014). Focal dystonia
and the Sensory-Motor Integrative Loop for Enacting (SMILE). Front. Hum.
Neurosci. 8:458. doi: 10.3389/fnhum.2014.00458
Piacentini, J., Woods, D. W., Scahill, L., Wilhelm, S., Peterson, A. L., Chang,
S., et al. (2010). Behavior therapy for children with Tourette disorder:
a randomized controlled trial. JAMA 303, 1929–1937. doi: 10.1001/jama.
2010.607
Rao, A. K., Marder, K. S., Uddin, J., and Rakitin, B. C. (2014). Variability in interval
production is due to timing-dependent deficits in Huntington’s disease. Mov.
Disord. 29, 1516–1522. doi: 10.1002/mds.25998
Rao, S.M., Harrington, D. L., Haaland, K. Y., Bobholz, J. A., Cox, R.W., and Binder,
J. R. (1997). Distributed neural systems underlying the timing of movements. J.
Neurosci. 17, 5528–5535.
Redgrave, P., Rodriguez, M., Smith, Y., Rodriguez-Oroz, M. C., Lehericy, S.,
Bergman, H., et al. (2010). Goal-directed and habitual control in the basal
ganglia: implications for Parkinson’s disease. Nat. Rev. Neurosci. 11, 760–772.
doi: 10.1038/nrn2915
Rowe, K. C., Paulsen, J. S., Langbehn, D. R., Duff, K., Beglinger, L. J., Wang, C., et al.
(2010). Self-paced timing detects and tracks change in prodromal Huntington
disease. Neuropsychology 24, 435–442. doi: 10.1037/a0018905
Synofzik, M., Lindner, A., and Thier, P. (2008). The Cerebellum updates
predictions about the visual consequences of one’s behavior. Curr. Biol. 18,
814–818. doi: 10.1016/j.cub.2008.04.071
Tabrizi, S., Langbehn, D., Leavitt, B., Roos, R., Durr, A., Craufurd, D., et al.
(2009). Biological and clinical manifestations of Huntington’s disease in the
longitudinal TRACK-HD study: cross-sectional analysis of baseline data.
Lancet Neurol. 8, 791–801. doi: 10.1016/S1474-4422(09)70170-X
Van de Griendt, J. M. T. M., Verdellen, C. W. J., van Dijk, M. K., and
Verbraak, M. J. P. M. (2013). Behavioural treatment of tics: Habit reversal and
exposure with response prevention. Neurosci. Biobehav. Rev. 37, 1172–1177.
doi: 10.1016/j.neubiorev.2012.10.007
Van Der Steen, M. C., Van Vugt, F. T., Keller, P. E., and Altenmüller, E. (2014).
Basic timing abilities stay intact in patients with musician’s dystonia. PLoS ONE
9:e92906. doi: 10.1371/journal.pone.0092906
Vercruysse, S., Spildooren, J., Heremans, E., Vandenbossche, J., Wenderoth,
N., Swinnen, S. P., et al. (2012). Abnormalities and cue dependence of
rhythmical upper-limb movements in Parkinson patients with freezing of gait.
Neurorehabil. Neural Repair 26, 636–645. doi: 10.1177/1545968311431964
Vicario, C. M., Gulisano, M., Martino, D., and Rizzo, R. (2016). Timing
recalibration in childhood Tourette syndrome associated with persistent
pimozide treatment. J. Neuropsychol. 10, 211–222. doi: 10.1111/jnp.12064
Vicario, C. M., Martino, D., and Koch, G. (2013). Temporal accuracy and
variability in the left and right posterior parietal cortex. Neuroscience 245,
121–128. doi: 10.1016/j.neuroscience.2013.04.041
Vicario, C. M., Martino, D., Spata, F., Defazio, G., Giacchè, R., Martino, V., et al.
(2010). Time processing in children with Tourette’s syndrome. Brain Cogn. 73,
28–34. doi: 10.1016/j.bandc.2010.01.008
Wild-Wall, N., Willemssen, R., Falkenstein, M., and Beste, C. (2008). Time
estimation in healthy ageing and neurodegenerative basal ganglia disorders.
Neurosci. Lett. 442, 34–38. doi: 10.1016/j.neulet.2008.06.069
Wojtecki, L., Elben, S., Timmermann, L., Reck, C., Maarouf, M., Jörgens,
S., et al. (2011). Modulation of human time processing by subthalamic
deep brain stimulation. PLoS ONE 6:e24589. doi: 10.1371/journal.pone.
0024589
Young, W. R., Shreve, L., Quinn, E. J., Craig, C., and Bronte-Stewart, H.
(2016). Auditory cueing in Parkinson’s patients with freezing of gait. What
matters most: Action-relevance or cue-continuity?Neuropsychologia 87, 54–62.
doi: 10.1016/j.neuropsychologia.2016.04.034
Zimbelman, J. L., Paulsen, J. S., Mikos, A., Reynolds, N. C., Hoffmann, R.
G., and Rao, S. M. (2007). fMRI detection of early neural dysfunction
in preclinical Huntington’s disease. J. Int. Neuropsychol. Soc. 13, 758–769.
doi: 10.1017/S1355617707071214
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2016 Avanzino, Pelosin, Vicario, Lagravinese, Abbruzzese andMartino.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.
Frontiers in Human Neuroscience | www.frontiersin.org 8 December 2016 | Volume 10 | Article 631
